during transcript elongation are distinguished from phorylation, for RNAPII ubiquitylation. Our data provide polymerases that are immobile at promoters or are in a conceptual context in which to understand the tarthe discontinuous, early stages of transcript elongation geting of RNAPII for ubiquitylation and degradation in (promoter clearance). One of the distinguishing features response to not only arrest at DNA lesions but also of the different forms of RNAPII during the transcription other transcription-obstructing events. cycle is their phosphorylation state (on the C-terminal repeat domain [CTD] of the Rpb1 subunit) (Svejstrup, Results 2004) . Thus, RNAPII entering promoters is hypophosphorylated; newly initiated (promoter-proximal) polyProtein ubiquitylation typically requires enzymes of merases are phosphorylated at serine 5 in the CTD rethree different functional types, E1 (ubiquitin-activating peat, while RNAPIIs engaged in processive transcript enzyme), E2 (ubiquitin-conjugating enzyme), and E3 elongation are predominantly phosphorylated at serine (ubiquitin ligase) (Pickart, 2001 ). Previous work showed 2 and not at serine 5. However, the way that phosphorythat Rsp5 is the E3 for damage-induced ubiquitylation lation of RNAPII affects its ubiquitylation is still unclear.
of
budding yeast RNAPII (Beaudenon et al., 1999). As RNAPII is a target for ubiquitylation in HeLa nuclear
there is only one known E1 (Uba1), the only remaining extracts, and ubiquitylation in these extracts is inunknown factor for the basic ubiquitylation reaction creased under conditions that allow transcription or was therefore the E2. We reconstituted RNAPII ubiquiwhen the DNA template is damaged (Lee et al., 2002) . tylation with recombinant ubiquitylation factors and However, whether these stimulatory effects are caused RNAPII, testing a variety of human rE2s for their ability by arrested elongation complexes or indirect effects to support the reaction. Only Ubc5c supported robust has not been addressed. Experiments addressing the RNAPII ubiquitylation ( Figure 1A ). The yeast homolog of effect of RNAPII phosphorylation on ubiquitylation are human Ubc5c, Ubc5, was therefore expressed, purified, similarly open to doubt. On one hand, it was reported and used with the other highly purified yeast factors that the form of RNAPII whose level was diminished (see Figure S1 in the Supplemental Data available with most quickly after UV irradiation was the hypophosthis article online) in the subsequent experiments. phorylated form (Ratner et al., 1998) . On the other hand, Using this defined system, it was first established that experiments using kinase inhibitors of some degree of the RNAPII ubiquitylation reaction indeed requires E1, specificity were used as basis to suggest that CTD E2, and E3 ( Figure 1B ). phosphorylation plays a positive role for RNAPII ubiquiTo investigate whether the reconstituted ubiquitylatylation (Mitsui and Sharp, 1999; Luo et al., 2001 ). The tion reaction targeted a biologically relevant lysine accorrect interpretation of these experiments in complex ceptor residue, RNAPII ubiquitylated in vitro was subbiological systems is complicated by the fact that the jected to mass spectrometric analysis (Winkler et Figure 1C , compare lane In order to facilitate a real understanding of RNAPII 1 with lanes 2 and 3). Such degradation was also obubiquitylation at the basic biochemical level, we estabserved in ubc4 and ubc5 single mutants. In contrast, lished an in vitro assay, which reconstitutes the reaction ubc4 ubc5 double mutant cells were unable to degrade using highly purified, physiologically relevant factors.
Rpb1 under the same conditions ( Figure 1C ). These exBy the use of this system and complementing in vivo periments thus support the finding that Ubc5 (or Ubc4) experiments, we present evidence that sheds light on is the ubiquitin-conjugating enzyme involved in damthe importance of the RNAPII ternary complex, DNA damage, and Def1, as well as the CTD and CTD phosage-mediated degradation of RNAPII.
Ubiquitylation of Elongating RNAPII Is Much More Efficient Than That of Free RNAPII
Having established a fully defined in vitro ubiquitylation system with physiologically relevant factors, it was now possible to address important questions regarding basic properties and regulation of the RNAPII ubiquitylation reaction. We first investigated whether the incorporation of RNAPII into an elongation-competent ternary complex with DNA and RNA affects the efficiency of the ubiquitylation reaction. Ternary RNAPII/DNA/RNA complexes were assembled from highly purified RNAPII and DNA/RNA oligonucleotides (Kireeva et al., 2000) , of which one of the DNA oligonucleotides (the transcribed strand) was biotin tagged so that ternary complexes could be purified ( Figure S2 ; see also Experimental Procedures for details). Purified ternary complexes were then compared with free RNAPII in the ubiquitylation assay ( Figure 2A ). Strikingly, RNAPII in a purified ternary complex was a much better substrate for ubiquitylation than the same polymerase in free form was ( Figure 2B , upper panel), with up to 25-fold more ubiquitylation observed when ternary complexes were used as substrate ( Figure 2B , lower panel). Purification of RNAPII after ubiquitylation further confirmed that it was indeed the polymerase, rather than another protein in the reaction mixture, which was modified ( Figure S3 ). More significantly, the stimulation of RNAPII ubiquitylation in the elongation complex was not observed when the RNA oligonucleotide was omitted so that active RNAPII was only associated with DNA (the purified DNA-RNAPII complex mimicking promoter bound RNAPII) ( Figure  2C , compare lanes 2 and 3).
Ubiquitylation of RNAPII Arrested at a DNA Lesion
Interestingly, these data opened the possibility that it is primarily the RNAPII ternary complex, rather than specifically the structure arising when RNAPII arrests at a DNA lesion, that is recognized by the ubiquitylation machinery. To directly address this possibility, RNAPII ternary complexes were formed with oligonucleotides of which the transcribed strand did, or did not, contain a transcription-obstructing DNA lesion in the active site of RNAPII ( Figure 3A) . In one case, RNAPII was allowed to transcribe 34 nucleotides before reaching the lesion (or arresting, if CTP was omitted, on the undamaged control template). In a parallel set of experiments, knowledge of the precise position of RNAPII arrest (data not shown) allowed assembly from oligonucleotides of a arrested RNAPII is a particularly good substrate. 10 and 14) .
These data support the idea that Def1 contributes the idea that the same factors are responsible for damdirectly to the preferential degradation of RNAPII stalled/ age-induced and damage-independent ubiquitylation, arrested during transcript elongation by increasing the RNAPII modification was dramatically reduced in ubc4 rate of its ubiquitylation.
ubc5 double mutant cells (Figure 4 , lanes 5 and 6). Taken together, these data support the idea that transcriptional arrest provoked by damage-independent Damage-Independent Transcription Arrest Also Results in RNAPII Ubiquitylation In Vivo events also elicits RNAPII ubiquitylation. Genetic data indicate that Def1 plays a role in transcript elongation also in the absence of DNA damage (Woud-RNAPII Ubiquitylation Requires the CTD We next used the in vitro ubiquitylation system to instra et al., 2002), and the data presented above support the idea that transcriptional arrest in general provides vestigate the functional importance of the RNAPII CTD for ubiquitylation. For these experiments, we took ada strong signal for RNAPII ubiquitylation. Therefore, we tested whether DNA-damage-independent transcripvantage of a yeast strain expressing a modified form of Rpb1 as the only source of this subunit (Feaver et al., tional arrest can also lead to RNAPII ubiquitylation in living cells. For this purpose, the effect of the elonga-1991). This form has a recognition site for FXa protease engineered in between the body of the Rpb1 protein tion inhibitor 6-azaurazil (6-AU) on RNAPII ubiquitylation was tested (6-AU causes a decrease in cellular and its highly flexible CTD repeats. We purified RNAPII to virtual homogeneity from this strain by adsorbing it UTP/GTP levels). RNAPII was immunoprecipitated from sonicated yeast extracts, and the ubiquitylation state to CTD binding 8WG16 antibodies immobilized on Sepharose beads. After treatment of the bead bound of Rpb1 was then tested by Western blotting, probing with anti-ubiquitin antibodies (Figure 4) . Treatment with material with FXa protease, only CTD-less RNAPII was released. As expected (Feaver et al., 1991), the mobility 6-AU clearly induced RNAPII ubiquitylation (compare lanes 1 and 2). Significantly, compromising transcript of the Rpb1⌬CTD subunit was increased compared to normal Rpb1, while that of other subunits was unelongation by deletion of DST1 (encoding TFIIS, in whose absence the ability of RNAPII to escape arrest changed ( Figure 5A and data not shown). Strikingly, when similar amounts of the two RNAPII forms were is significantly impaired) in itself resulted in detectable RNAPII ubiquitylation and also led to a further marked compared in the reconstitution assay, only wild-type RNAPII was ubiquitylated ( Figure 5B ). Incorporation of increase in Rpb1 ubiquitylation levels in the presence of 6-AU (compare lanes 2 and 4, and refer to loading the CTD-less polymerase into a ternary complex (Figure 5C ) or addition of a large excess of ubiquitylation control shown in the lower panel). In strong support of 2 and 3) . When these different RNAPII forms were subtion. We purified GST-Ssu72 to virtual homogeneity (see Figure S4 ) and used it in RNAPII ubiquitylation assays. jected to ubiquitylation in vitro, TFIIK (serine 5) phosphorylation was completely inhibitory, while CTDK1
As -6 with lanes 10-12) .
Taken together, these results support the idea that serine 5 hypophosphorylation is also a prerequisite for RNAPII ubiquitylation in vivo. 
Discussion

